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I. INTRODUCTION 



Top quark plays a special role in the Standard Model(SM) and holds great promise in 
revealing the secret of new physics beyond the SM. And the study of the rare top quark 
decays have long been a subject of intense theoretical and experimental study. Among 
those rare processes, the flavor- changing neutral current (FCNC) decays t — > 07 and t — )■ eg 
deserve special attention, since the branching ratios(BRs) of those rare processes are strongly 
suppressed in the SM. 

On the theoretical aspect, the authors of Ref.jjJ gives a general expression for the one- 
loop fermion-neutral boson coupling keeping all masses and momenta. In the framework of 



top quark FCNC t — > 07 is of the order 10 13 and that of t — > eg is 



the SM, the BRs o 

of the order 10 -11 2), |3j. In extensions of the SM, the BRs for FCNC top decays can be 
orders of magnitude larger. For example in two Higgs doublet models Br(£ — > 07) ~ 10~ 7 , 
Br(t — > eg) ~ 10~ 5 can be achieved jj], and in supersymmetric models with R parity 
conservation these branching ratios can reach Br(t -> ~ 10- Br(^ eg) ~ 10- fl fl. 
The authors of Ref.[7| discuss the process t — > cy in a model with a single universal extra 
dimension which is compactified gauge, and get the branching fraction Br(t — > eg) ~ 10~ 10 . 
In Ref.js], the author computed the BRs for t — > 07 and t — > eg in minimal extensions of 
the SM, where the additional vector-like up and down quarks singlets break the unitarity of 
the 3x3 Cabibbo-Kobayashi-Maskawa (CKM) matrix. 

The running LHC is a top-quark factory, and provides a great opportunity to seek out 
top-quark rare decays. Given the annual yield of 80 million tt events plus 34 million single- 
top events, one may hope to search for rare decays with a branching fraction as small as 
10 _6 [9j. Then the experimental observation on LHC will bring a tremendous improvement 
in our knowledge of top quark properties. 



Models with a warped extra dimension, also called Randall-Sundrum (RS) models 1 Quill], 
where all SM fields are allowed to propagate in the bulk, offer natural solutions to many 
outstanding puzzles of contemporary particle physics. In addition to providing a geometrical 
solution to the hierarchy problem related to the vast difference between the Planck scale 



2 



and the electroweak (EW) scale, they also allow to naturally generate hierarchies in fermion 



masses and weak mixing angles 



12 



suppress FCNC interactions 



14 



1 €31 ] . construct 



realistic models of EW symmetry breaking 2l| and achieve gauge coupling unification 



22 



23]. 



A necessary condition for direct signals of RS models at the LHC is the existence 
of Kaluza-Klein (KK) modes with O(lTeV) masses. But early studies of EW preci- 



sion observables 



241 ] have shown that with the SM gauge group SU(2) L x U(l)y 



in the bulk, the EW precision observables, for ex amp le the experimental data on S, T 
parameters and the well-measured Zbibi coupling 25|-|28| . generally require that the ex- 
citing KK modes are heavier than 10 TeV and exceed the reach of colliders running 



now. To solve this problem, literature [29|, |30j enlarges the gauge group in the bulk to 
SU{3) C x SU(2) L x SU(2) R x U{l) x X P LR . The presence of new light KK modes neces- 
sary to solve the Zbjjji problem, implies significant contributions to the T parameter at 
the one loop level [311]. With an appropriate choice of quark bulk mass parameters, an 
agreement with the EW precision data in the presence of light KK modes can be obtained 



321 . |33j .Actually, the EW precision observables are consistent with the light fermion KK 



modes with masses even below ITeV while the masses of KK gauge bosons are forced to be 
at least 2 — 3TeV to be consistent with experimental data on the parameter S. 

It is well known that all virtual KK excitations contribute their corrections to theoretical 
predictions on the physical quantities at EW scale, and those theoretical corrections should 
be summed over infinite KK modes in principle 



34 



36 



In this paper, we sum over the 



infinite series of KK modes using the method in Ref.[37j, and analyze the corrections from 
exciting KK modes to the top-quark decay t — > cy and t — > eg in the scenario with a warped 
extra dimension and the custodial symmetry. 

This paper is composed of the sections as follows. In section II, we present the main 
ingredients of the SM extension with a warped extra dimension and the custodial symmetry. 
And we list some useful formulas for summing over infinite series of KK modes. In section 
III, we present the theoretical calculation on the t — > cy and t — > eg processes. Section IV is 
devoted to the numerical analysis and discussion. In section V, we deliver our conclusions. 
The relevant nontrivial couplings approached to the order 0(n 2 EW j A 2 KK ) are in appendix, 
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where Akk denotes the energy scale of low- lying KK excitations and hew denotes the EW 
energy scale. 

II. A WARPED EXTRA DIMENSION WITH CUSTODIAL PROTECTION AND 
SUMMING OVER INFINITE SERIES OF KK MODES 



Models with extra dimensions have attracted great attention in recent years as they 
offer new perspectives on challenging problems in modern physics. It was demonstrated 
by Randall and Sundrum that a small but warped extra dimension provides an elegant 



solution to the gauge hierarchy problem 10, |38|. In the RS scenario, four dimensional (4D) 



Minkowskian space-time is embedded into a slice of five dimensional (5D) anti de-Sitter 
(ADS5) space with curvature k. The fifth dimension is a S 1 /Z 2 x Z' 2 orbifold of size r 
labeled by a coordinate G [— n, n], such that the points (ft), (x^, n — (ft), (x**, tt + 0) and 
—(f)) are identified all. The corresponding metric of the non-factorizable RS geometry 
is given by 

ds 2 = e- 2aW r]^dx^dx u - r 2 d(j) 2 , a(0) = kr\<f>\, (1) 

where x M (/1 = 0, 1, 2, 3) denote the coordinates on the 4D hyper-surfaces of constant 
with metric 77^ = (1,-1,— 1,-1), and e a is called the warp factor. Two branes are located 
on the orbifold fixed points = and = n/2, respectively. The brane on = is called 
Planck or ultra-violet (UV) brane, and the brane on = 7r/2 is called TeV or infra-red (IR) 
brane. The parameters k and 1/r are assumed to be of order the fundamental Planck scale 
Mpi and choosing the product kr ~ 24, one gets the inverse warp factor 

e = ~t~~~"~ = e~ k ™ 12 * 10- 16 , (2) 
Auv 

which explains the hierarchy between the EW and Planck scale naturally. Meanwhile, the 
warp factor also sets the mass scale for the low-lying KK excitations 

A KK = ke = ke~ krw/2 = O(lTeV). (3) 
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In the EW sector, we consider an SU{2)l x SU(2) R x U(1)x x Plr gauge symmetry on a 
slice of AdSs, where Plr is the discrete symmetry interchanging the two SU(2) groups. This 
means for instance that g 5 i = g 5R = g 5 . The gauge group is broken by boundary conditions 
(BCs) on the UV brane to the SM gauge group, i. e. 

SU(2) L x SU(2) R x U{l) x x P LR SU(2) L x U(1) Y . (4) 

This breakdown is achieved by the following assignment of BCs 



W 1 L 2 f(++), B,(++), Z Xttl {-+), (/i = 0, 1, 2, 3), 

<f(—), B 5 (—), ^; 2 5 (+-), Z x>5 (+-). (5) 

where the first (second) sign is the BC on the UV (IR) brane: + stands for a Neumann BC 
and — stands for a Dirichlet BCThe third component of SU(2) R gauge fields W RM and the 
U(l)x gauge field B M are expressed in terms of the neutral gauge fields Z x ,m and B M as 
Km = 95 Z XM + g 5 xB M ^ ~ m = _ g 5X Z^-g 5 B M ^ {M = ^ ^ % ^ ^ (g) 

V 9 5 + 9 5X V9 5 + 9 5 x 

where g 5X is the 5D gauge coupling of U(l) x . 



To further proceed it will be useful to follow [39| and define the fields 

V^l + 9 2 5X B A + 95xWl A 



A 



A 



5A 



z = -g 5X B A + y/gl + gj x Wl A 

Wt* = ±=(wl A TiWl A ) . (7) 



V2' 
R > A= v/2' 

In order to break down the electroweak symmetry, a Higgs boson is introduced that is 



localised either on or near the IR brane, transforming as a self-dual bidoublet of SU(2)l X 
SU(2) R , and transforms as a singlet with charge Y H = under the gauge group U(l)x' 

H= I ~ m+ ^ -(ti>-i*»)/2 
(h + i7T°)/2 in-/V2 



As regards 



multiplets[33, |40| 



the matter fields, the quarks of one generation are embedded into the 



Xii(-+)5/3 Qi L (++)2/3 
Xd L (~ + h/3 9d £ ( ++)-l/3 



Q 



da 



uk(-+h/s 



Q 



<1r 



-1/3 j 



, QL=4(++)2/3 



^A > ) ? (- + ) 5/ 3 ^ 
^(-+) 2 /3 

^4(++)-i/3 y 



(9) 



and the corresponding states of opposite chirality are given by 



Qi 



Q 



d L 



Xu R {^ )5/3 <f UR ( )2/3 

— )z/3 Qd R ( — )-l/3 

/ ^i(+-) 5/ 3 N 

ui(+-) 2/ 3 , Qk = 

yDU+-)-i/3j 



qi 



u, 



J2/3 



/ ^i( + -)5/3 ^ 
Ul(+-h/3 



dS 



(10) 



-1/3 y 



Here, i — 1, 2, 3 denotes the index of generation, the charges are all assigned as 



iQi — Y u i — Y Q i d — - . 



(11) 



In order to give the kinetic terms of triplets, we redefine the quarks in triplet as 

/ 1 ( vi 1 ni \ \ 



T, 



Qr 



^(4-4) 



V 



u 



R 



T, 



Qr 



J 



\ 



u 



R 



J 



T, 



Ql 



^(Xi + D{)\ 



v 



Tr 



( ^ L + di)\ 



J 



V 



Ui 



(12) 



/ 



the Lagrangian we will use is written as 



£ = £ 



gauge 



(13) 
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where 



^gauge f f 



("I 



WlrW 



is the Lagrangian for gauge sector, and the corresponding Lagrangian for Higgs field is 
written as 



\w l KL w l MN 



-^BklBmn 



-^G a KL G a MN ^(lA) 



C 



Tr 



D^(x)) (D^(x)) - fi 2 Tr(&(x)$(x) 



with 



A 



Tr(&(x)<5>(x) 



(15) 



3 . 3 

D M H = d M H + l -g 5 (J2 W a LM a a )H + ^r,m^) T ■ 

The Lagrangian for kinetic terms of quarks can be written as 



(16) 



C Q = ^11 {(Q , )a ia2 <7' 4 [(^M - V M ) + ig<o S T a G a M + ig 5X Y Qi B M y aibl 5 a2b2 
i=i 



+i95( — )a 1 b 1 Wl] M 5a 2b2 + ig${ — )a 2 b 2 W^ M 5 aibl {Q l ) bl b 2 



+ (Q) ai a 2 ^a7 % -sgn(0)fc(c B )y (<7) ai ^ 

1,. 



+^7 A WM-sgn(0)A;(c s ) 



+(f l Q ) a i^ 7 A [(^(9 M - ^m) + ig^ s T a G a M + ^5X%S M )5a l6l 



+^5^a 1 6 1 c 1 ^ 1 



M 



(T$ bl + (f Q ) ai i< 7 ^ M -sgn(0)(r ?3 ) lJ (TJ) 



Ml 



+^a lblCl ^>] (T& bl + (T* ) ai [i< T A ^M - sgn^)k(c T )ij\ (Ij) ai + (17) 



with 7^ = (7^, — 27 s ), the inverse vielbein = diag(e 



e a ^\ e CT W,i), and 



the spin connection co A = (sgn(0)|/ce _CT ^7 At 7 5 , 0). Generally, three bulk mass matrices 
c B , c s , c T are arbitrarily hermitian 3x3 matrices. Furthermore, we also assume that 
c B , c s , c T are real and diagonal, i.e. each of them is described by three real parameters. 
This can always be obtained through some appropriate field redefinitions. 



At last, 



4 = e^V^ E {^J^aaH, 
ij=l 

+Q i a«(T C U(n) c H a p\ +h.C.] 



Q l aa {r c )a b {f ] d ) c H ha 



(18) 



is the Lagrangian for Yukawa couplings between quarks and Higgs field. Here the metric on 
IR brane Q% = d^^rf. 

For convenience in our analysis, we define the gauge couplings in 4D which are related to 
the 5D gauge couplings via 



9 = 
9x 



95 



\phvr 

95X 



(19) 



y/2nr 

Correspondingly, the constant of electromagnetic coupling and Weinberg angle in 4D are 
given through 



99x 



sin 9- 



V9 2 + zg'x ' 

9x 



(20) 



In terms of the Weinberg angle 9 W and the constant of electromagnetic coupling e, the gauge 
couplings in Eq. (ll9j) are written as 



9 



9x 



sin 9., 



(21) 



v/l-2sinX 

To discuss the phenomenology at EW scale, we write the KK decompositions of 5D gauge 



8 



fields in our notations as 



1 oo 

V n=0 
1 oo 



n=0 

oo 



V n=l 

oo 

V n=0 

oo 

V ra=l 

oo 

G >^) = ^zZ G f n) ^K ++ K i S ) ^- ( 22 ) 

Where (ra = 0, 1, ••• , oo), G = A, Z, W^, g denote the roots of equation 

z 2 R G ' e (z) = with 
(++) v ' 

Rf^iz) = Y (z)J (ze) - J (z)Y (ze) . (23) 
and y^} 7 ^ (n — 1, 2, • • • , oo), G = Z x , Wj^ denote the roots of equation R^ € +) {z) = with 

R^Jz) = YotfMze) - J (z)Y 1 (ze) . (24) 
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Similarly, the KK decompositions of 5D quark fields are written as 



v n v n 

2<K0) . -=2(7(0) 

* n " ra 
2cr(0) p 2(7(0) 

4(^,0) = VE^^/^f^'*)' *^*) = V^ x * n)(x)/ <-> 

p2cr(0) , N , p2(7(0) , . . 

v n v n 

2cr(0) p2a(0) 

* n * n 

2(7(0) p 2cr(0) 

* n * n 

2cr(0) p 2cr(0) 

* n " n 
p2(7(0) p2cr(0) 

^wwftC'^ = V^^ (B)(i)/ ^ (w ^ B),t) ' 

v n v n 

p2cr(0) p2(7(0) 

= £ -^E^ (n) ^)/ ( --t(4S ) '*)> = ^E^^^-I^SS^)' 

* n * n 

2cr(0) p2(7(0) 

v n v n 

p2(7(0) p2(7(0) 

<4(^) = -^E^wjffd^?,*). <4(^) ^Etfws^*)- 



(25) 



In Eq.(j25l). the eigenvalues yy^X (n > 1) satisfy the equation R°± ±) (z) = 0, J/f^"l (ft > 1) 
satisfy the equation i? c ' e (2) = 0, y°&' (n > 1) satisfy the equation i2 c ^_ e (2) = 0, and the 
eigenvalues (n > 1) satisfy the equation i? c ^ ± .(z) = 0, respectively. Here, the concrete 
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expressions of R c £ ±) (z), R 1± T) (z) i^Wi R °(^)^ are 



JAr+iO^iv^e) - Fiv + i(z) Jn(z€), c = N + | 
J c+ i(z)J_ c+ i(ze) + J_ c _i(z)J c ^i(ze), c ^ iV + I 

Yftr^Jjv+i^e) - J Af (2;)r A r +1 (2;e), c = iV + | 
J_ c+ i(z)J c+ i(ze) + J c _i(2;)J_ c _i(ze), c ^ iV + \ 

J N+1 (z)Y N+1 (ze) - Y N+ i(z)J N+ i(ze), c = N + | 
J c+ |(z)J_ c _i(ze) - J_ c _i(z)J c+ i(2;e), c ^ iV + ± 

Since the radiative corrections from all virtual KK modes to the physics quantities at 
electroweak scale should be summed over in principle in order to obtain the theoretical 
predictions in extensions of the SM with a warped or universal extra dimension. In the 
Ref. 37|] , the author verify some lemmas on the eigenvalues of KK modes, and sum over the 
infinite series of KK modes using the residue theorem. Here we list some useful results: 

For gauge fields with (++) BCs: 



(26) 



n=l 



G(n) 
V(+ + ) 



1 2 



— (t 2 (21nt- 1) + i ,2 (21nt' - 1 
t 2 6(t' -t)+ t' 2 6(t - t') 



-2 me 



1-6 2 

In e 



which is coincided with Eq.(34) exactly in Ref. 26 1. 
Gauge fields with ( — h) BCs 



(27) 
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[xf:>?:^)][xf:>2 , ,>.^ 



n=l 



G(n) 

V(-+) 



— elne 



4tt V 1 - 4e 2 + 3e 4 - 4e 4 lne 



1/2 r 



\6{t-t')Vv(t' 2 -e 2 ) 



x 



1 + 2e 2 In e - 

4 



1 - 9e 4 + 8e 6 + 6e 2 lne - 12e 4 lne-6e 6 lne 



6(1 -4e 2 + 3e 4 -4e 4 lne) 



e¥ 2 (lnt'-lne) t' 2 t 



t' 2 - e 2 

For the left-handed fields with (-\ 



BCs 







J (++) ^(±±)' J . 




c 


(n)" 

±±) 


2 



(1 - 2c)elne (tt')- c ; 2(1 - 2c) (1 - e 3 ~ 2c ) t 2 + t /2 

(1 - e!- 2c ) 4?r I (3 - 2c)(l + 2c) (1 - e 1 -^) + 1 - 2c 

- 7 £ \0(t' - t) ( t n+2c + e 1 "^ 1 ^ 

(1 -2c)(l + 2c) L v ; V J 

+ 6(t-t')(t 1+2c + e 1 - 2c t n+2 ^]y 
When the left-handed fermions satisfy ( )BCs, 



12 



n=l 



c(n) 



(1 -2c)(3 + 2c)e 3 / 2+c lne(tt') 1+c 



[C ( U(c,e)C^(c,6)]V2 
1 



x 



47T 



^(t-0(l-^ 1_2c )(i' 



l-2c\/ + /-l-2c 



— e 



-l-2c\ 



1 _ e 3+2c £ 2 _ e l+2c 



l-e 1+2c V 3 + 2c 
3(1 + 2c) 2 



+ 



1 - 2c 



+ 



e 3+2c + e l-2c _ 2e 



2 -e 4 



[Cfc } (c,e)] 



(1 - 2c)6 5+2c (3 + 2c)e 3 - 2c 



(3 - 2c) (5 + 2c)[C^(c, 6)] (5 + 2c)[C { t) } (c, e)} (3 - 2c)[C£/(c, e)] 



1 + 2e 2 - e !- 2c - e 3 + 2c 



2^4 



3(1 + 2c) 2 e 



(3-2c)(5 + 2c)[C ( ti(c, e )] ' (5 + 2c)[C£j(c,e)] 



+ 



(1 - 2c)e 



-l-2c 



[Cfc5(c,6)] 

(3 + 2c)e 1+2c 

(3-2c)[C ( U(c,e)] ' (l-2c)(l-t- 1 - 2c ) ' (3 + 2c)(l - f- 1 "*) 



(-), 



+ 



1 - 1 



l-2c 



t 2 -t 



-l-2c 



f l-2c _ e l-2c 



+ 



€ 2 t >-l-2c _ e -l-2c t /2 



(l-2c)(t'- 1 - 2c -e- 1 - 2c ) (3 + 2c)(t / ~ 1 - 2c -e- 1 - 2c ) 
For the left-handed fields with (H — )BCs 



+ (t<* t') \. 



L J (+-) vy (±T)' y . 



/•L,c C 7 .c(n) f/\ 



n=l 



c(n) 



erne/ (1 - 2c) 2 (3 + 2c) \ 1/2 ( 



x 



87r V(i- e 1 - 2c )[C ( ( - ) ) (c, e )] 

4e l-2c 



6*(t — t / )t 1+c t / c | 1 — t 



-l-2c| 



2 2e 2 
+ 



l-2c l + 2c (l-2c)(l + 2c) 
3(1 + 2c) 2 



+ 



5 3+2c + e l-2c _ 2e 2 _ £ 4 



[Cfcfee)] 



(3-2c)(5 + 2c)[Cfc ) ) (c,6)] (5 + 2 C )[Cf/(c,e)] (3 - 2 C )[Cf/(c, e)] 



(1 - 2c)e 5+2c 



(3 + 2c)e 



3-2c 



c 3-2c 



| (3 - 2c)e 1 ~ 2c - 2(1 - 2c)e 



l-t 



l-2c 



+ 



t 2 -t 



-l-2c 



(3-2c)(l + 2c)(l-e 1 - 2c ) (1 -2c)(l-t- 1 - 2c ) (3 + 2c) (1 - i" 1 " 20 ) 



t 



12 



2e i-2c t a+2c 



l-2c (l-2c)(l + 2c) 
Left-handed fermions with ( — h)BCs 
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n=l 



[f L ' c (y c(n) ,t) 


fi,c C 7 .c(n) 




c(n) 


2 



e 3/2+ clne / (i _ 2c ) 2 (3 + 2c) \ 1/2 f 



X 



8tt 
2 



+ 



(l-6^c)[ C( 
2e 2 4e l+2c 



^ + -c + /i+c| + /-i-2c _ e -!- 2c | 



2(1 - 2c) + (1 + 2c)e 3 - 2c - (3 - 2c)e 2 



l + 2c I -2c (l-2c)(l + 2c) 



(3-2c)(l + 2c)(l -e 1 ^) 



l-2c _ _3+2c 



l + 2gj- e^ zc - e 

(3 + 2c)e 1+2c / 
+ — H + 



3(1 + 2c) 2 e 4 



(3-2c)(5 + 2c)[C ( ( - ) ) (c, e )] (5 + 2c)[CS(c,e)] 

2 2t l+2c 

+ 



+ 



(1 -2c)e 



-l-2c 



-Hi 



t /l-2c _ e l-2c 



(3 - 2c)[C ( ( -!(c, e)] 1 " 2c (1 - 2c) (1 + 2c) (1 - 2c)(t'-^ - c -i-*) 



e 2f-l-2c _ £-1-2^/2 



(3 + 2c)(t / - 1 - 2c -e- 1 - 



2(A 



with 



c ( t!( c ' e ) = ( 3 + 2c ) el+2c + ( 1 - 2c K 



l-2c 



(1 + 2c)V - (1 -2c) (3 + 2c) 



(£(c, e) = -(3 + 2c)e 1 - 2c - (1 - 2c)e 3+2c + (1 + 2c) 2 + (1 - 2c)(3 + 2c)e 2 



Similarly, for the right-handed fields, one analogously has 

oo 



n=l 



n=l 



n=l 





/(++)^(=F=F)' C J . 


[/vR,c f..c(n) 
|/(— )^(=F=F)' 


c(n) 

*>] [/ 


2 

R,c f ? .c(n) 

— )^(±±)' > 


|/(+-) Vy (TT)' 


c(n) 
2/(i±) 

')] [< 


R,c / c(n) j/\ 

+-)Vy (=F±) ' 


[fR-c f7/C(n) 
|_ ( — h) (±T) ' 


c 


n)" 

: ±) 


2 

R,c / c(n) t A 



n=l 



c(n) 
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III. THE THEORETICAL CALCULATION ON THE t -»■ 07 AND t -»• eg PRO- 
CESSES 



In this section, we present one-loop radiative corrections to the rare decay t — > 07 and t — >• 
eg in the extension of the SM with a warped extra dimension and the custodial symmetry. 
The infinite dimensional column vectors for quarks in the chirality basis as 40 1 

T 



*r(5/3) 
*k(5/3) 



+),xf\+-),xr(+-) 



i(n). 



i(n). 



^(2/3) = (£ 0) (++), 



*h(2/3) 



i(0). 



++), 



i(n)/ 



++),c4 (B) (+-),^ w (+-),xr (-+).« 



ri(n) 



i(n) 



t(n). 



-),^ B) (-+),t^ B; (-+),xs ; (+-),«r(++) 



ri(n) 



i(n), 



M-1/3) = (4 0) (++) 



_ ^)(++), )(+-), df)(—) 



T 



i(n). 



(35) 



where the flavor index % — 1, 2, 3 runs over the three quark generations, and n = 
1, 2, ■ ■ • , 00 is the index of KK exciting modes, the signs in parentheses denote the 
BCs satisfied by corresponding fields on UV and IR branes respectively. 

We can write the mass eigenstates of charged 5/3, 2/3 and —1/3 quarks as 



H a ,L 



?4*l(5/3) 
Wj¥*(2/3)' 

J a 

2>l*i(-l/3) 



U, 



a,R 



, D a ,R 



4^(2/3) 
P^(-l/3) 



(36) 



Here, the charged 2/3 quarks Ui, U 2 , U 3 are identified as up- type quarks u, c, t, and the 
charged —1/3 quarks Di, D 2 , D 3 are identified as the down-type quarks d, s, b in the SM, 
respectively, and H a Ll H a R are the charged 5/3 quarks, which not exist in the SM. 

Similarly, we could express interaction eigenstates of charged and neutral electroweak 
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gauge bosons in linear combination of the mass eigenstates as 

oo 



a=l 

oo 



a=l 



2n-l,a 



oo 

V /2n,0 V /2n,a 

a=l 

oo 

z^=(V) z + -£(z z ) z Ha , 

V / 0,0 V / o,o! 

a=l 

oo 

= (Zz) Z + Y" (Zz) Z H . 

V /2ra-l,0 z — ' V /2n-l,a 



a=l 
oo 



4"'= * ^ < 37 > 



2n,0 14 — * V / 2n,o 

in which respectively denote the mixing matrices for charged as well as neutral 

electroweak gauge bosons, and Z, W ± are identified as the corresponding gauge bosons in 
the SM. 

The relevant Feynman diagrams are draw in Fig.l when we adopt the background 



gauge 



4l| 



We could see that the FCNC transitions are mediated by Higgs, the KK excitations of 
gluon, photo, and neutral electroweak gauge bosons besides the charged electroweak gauge 
bosons W ± together with their KK partners. 

In order to evaluate there diagrams, and sum over the infinite series of KK modes, 
we divided them into two cases: When all the propagators are SM particles, such as 
Z W ± , H , G , G ± , Ui = Ui, Di = di (i = 1, 2, 3), we use the general method in 

El- 

And when the propagator is the KK mode, such as 

Z H a , W^, 7(n), 9(n), ^(3+/3), £>(3+/3), #(3+/3) (n, a, = 1, 2, oo), shicethe 

mass of the KK mode is large then the top quark, we could use the effective Hamilton 
method [371] and expand the amplitudes to the order rn%/Is? KK for simplicity. 
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(<£) ( e ) 



FIG. 1: The Feynman diagrams contributing to the t — > 07 and t ^ eg decay in 
warped extra dimension with custodial symmetry. Where Z, W^, Ho, Go, G , Ui = 
Ui, Di = di {i = 1, 2, 3) denote the normally neutral and charged gauge bosons, neu- 
tral Higgs, neutral and charged Goldstones, and three generation up- and down-type quarks, 
%H a , Wx a , 7 (n) , g(n), £7(3+0), ^>(3+/3), #(3+/3) (n, a, (3 = 1, 2, ••• , 00) denote those heavy 
gauge bosons together with charge 2/3, —1/3 and 5/3 quarks, respectively. 

A. The first case 

When all the propagators are SM particles, the effective flavor changing current for t -+ 
cy, g can be written in conserved form 
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= g(p) [q 2 ^(F^ 9 P L + F™P R ) + ia^q v (m c F}fP L + m t F™P R )}t{p') (38) 

where p' is the momentum of the initial top quark and p is the momentum of the final 
state charm quark, = p — p', and we have dropped the term because it does not 
contribute to the processes. 

In the equations below, rrii (i = 1, 2, 3) is the mass of the SM three generation up- or down- 
type quarks, m\y and m z are the mass of the SM neutral and charged gauge bosons, m G ± , 
™>h /g are t ne mass of G ± and Gh , Gg respectively, Cij are the coefficients of the Lorentz- 
covariant tensors in the 3-point standard scalar Passarino-Veltman integrals(Eq.(4.7) in Ref. 



42[), and it could be calculated by using 'Loop Tools'. And the relevant coefficients £ L ' R 
and 7] L ' R are the couplings between bosons and quarks, we approximate them to the order 
0(v 2 / A 2 KK ) and present in Appendix. 

1. Fig.(al) and (a2) with SM propagators 

In Fig. (al)and (a2), when one-loop diagrams are composed by the zero mode of charge 
gauge bosons W and charged —1/3 quarks di {i = 1, 2, 3), F^f and F^r are formulated 

as 



TL ~ i^2 m 2 \ z \sw± )c,i\Sw± )i,tmi^i + {t, w ± J c ,AW± )i,tmt^i2 

1D7T TTl c S^ 



7 (al) _ / d(_ 1/3) | / e L(-l/3)x _ n , U R{-1/Z)s\ /*fl(-l/3)> 



-(^ 1/8) )J, 4 (^ 1/!0 )m"»c(Ci - Cn + c 12 )) 

p7 (al) _ ^ 3 Q F / 9K L(-l/3)xf //Ji(-l/3)x p /.L(-l/3)xt /£L(-l/3)x p 

Tfi ~ 167T 2 m S 2 V M^W* JM^^I + IW± Jc,ilW± Ji,t m *^12 



167T 2 r7^S w 

■(^jU^JM^Ci-Cn + C 



12. 



(39) 

with Cij = Cy (p 2 , (2p - p') 2 > (p - p') 2 > w 2 , m 2 w , mf) 
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+ (4t V %(4± 1/3) )M(Cii + C 12 - C 2 )m c 
+(C ( ± - 1/3) )I,(C ( ± - 1/3) )m(-C 1 + C 12 + C 22 )m t ) 

^t 2) = -t^^( 2 (* 1/3) )1(4 ( ± - 1/3) )m(c 1 + C 2 K 

+(4 ( I 1/3) )I,(4 ( ± " 1/3) )m(Cii + C 12 - C 2 )m c 

+ (^ 1/3) )l, l (4 ( ; 1/3) ),*(-Ci + C 12 + C 22 )m,) (40) 

with dj = Cij(p 2 , (p - p') 2 ,p' 2 , ml m 2 w , m 2 w ) 
and 



F g(al) _ ie 2 g S T a ( n(t R{-l/3),\ ,M-l/3h r 

Ftl - lQn 2 m c s 2 w \^ w± )c ' Mw± ktm ' Cl 

H& im U& im )u>*C* - (^U^^Ch - Cn + C 12 )) 

(41) 

with C i:j = Cij(p 2 , (2p - p') 2 , (p - p') 2 , m 2 , m 2 w , m 2 ) 

Using £ L,R in appendix, we can approximate the relevant coefficients above as 

3 3 v 4 

(£^± 1/3) )i,i(£v^± 1/3) )i,t = y^X V CKM)cz(VcKM)it + ) c * + ( 74 ) ' 

i=l i=l 

/.L(-l/3)Nf /.iJ(-l/3)x ^ /y(0) \ f A fl \t I D( V4 \ 

2 3 4 



{^W ± )c,i\Sw± )ht - 77T2 2^/ \ iX W±)ci\ V CKM)it + U \ 



4 



9 A 2 / j v — w^/avcAM/H 1 v a 

KK i=1 1V KK 



(42) 



here we define the short-cut notation 



19 



+(SZ?V^ M UV^% M )\ t - j£-[(V^ M UA^) it + (A^ ± )l(V^ M )l t } .(43) 
where 5Z%, 5Zf are the correct to the mixing matrices, which are presented in the equation 



(154) and (160) of Ref. [3j. And (^ 1/S) )J, < (^ 1/8) )i ) * = E(^ M ) ci (^ M )t, is just the 

i=l 

SM case 



Fig.(bl) and (b2) with SM propagators 

The contributions to F^f and of diagrams (bl) and (b2) with the zero mode of 
charge Goldstone and charge —1/3 quarks and charge Higgs G ± are 

*r = ((^- 1/3) )K^- 1/3) )m(c + 

+(^V 1/3) )^(^- 1/3) ),,(C 12 - CnK - (^L- 1/3) ) t c ,(^ 1/3) )M(C 1 + C 12 )m« 

= i|^((^ 1/3) )i(^ 1/3) )^(Co + 

+(^- 1/3) )I,(^£- 1/3) ),, t (C 12 - C n )m c - (^- 1/8) )t i (^- 1 / s >) <ft (C 1 + C 12 )m t 

(44) 

with C y = Cijip 2 , (2p - p') 2 , (p - p') 2 ? , m 2 G± ,m 2 ) 



TL ~ 167r 2 m c V^ G± M 7 ^ Kn^o + W + ^2)mi 
-(%i" V3) )^(%^ 1/3) )^(Ci + C u + C 12 )m c 

-(%^ 1/3) )l-(^ 1/3) )^(Ci2 + C 2 + C 22 )m,) 

7 ( fe2 ) ie / , H(-i/3)v t , R(-i/ 3 K ,p p pv 

TiJ ~ I6vr 2 mi V^ G± ^iwo± Mm> + U + 

-(^ 1/3) )L-(^ 1/3) )^( C i + Cu + C 12 )m c 
-(^ 1/3) )^(^ 1/3) )^(Ci2 + C 2 + C 22 )m,) (45) 

with dj = Cij{p 2 , (p - p') 2 ,p' 2 , m 2 , m 2 G± ,m 2 G± ) 
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and 



+(»§- 1/3, )I,,(^- 1/3, ),.(c 12 - c„k - (^ly^ic + c 12)m «) 

+(^- 1/3, )J„(^i- I/3, ),,(C 12 - C»)m. - (^^C, + C 12 )m,) 

(46) 

with C y = C tf (p' 2 , (2p - p') 2 , (p - p') 2 , mj, mg,± , m|) 

Using rj ' in appendix, the relevant coefficients above can be approximate to the order 
0(v 2 /A 2 KK ) as 





i/3) ):,,(^- 


1/3) x 

)i,t — 


e 2 
24 




i/3) )*,(^i- 


■l/3)x 

Ji,t — 


e 2 
24 


(«£ 


i/3, )i, i (%i" 


1/3) N 

Ji,t — 


e 2 
24 


(«£ 


1/3, )K%i" 


-1/3)n 

/%t — 


e 2 
24 



V(V (0) ) -(V (0) )t m * m c e 2 y^ (T (6)x + C tfJ^ 

V(V (0) i -r\7 (0) )^ mcm i e2 VfT (fc) ) + or— ) 

/ \ V CKM)ci\VcKM)it 2 +n„2 L 1 - '. 2 ^ + U U4 J > 



i=l 



3 ^2 ^2 3 ^4 

5^ ( ^CKm) d^YcKM^it ZIT~ + 9T2" ^2 C^V^ct + ~\A ) ' 
i=l W w i=l KK 

(47) 

The first term of each equations are the SM case. And the short-cut notation are 
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- 2j ^{V^ M )M%M%m ++ )^ !)1 + Pf- +) (1, !)]} 

3 ^2 



,2 



+ 7T2 [z~( V CK'm)«( A G±)^ + -^(^G±)li( V CKM)lt\ > 



< n w ± u w 
_^ Kmdi +m c m t )(V&)«(V r &)i{[Sf ++) (l,l)] + Pf_ +) (1,1)]} 



r m^mc (Q) d m di m "j /f 7 uN / v (o) x 1(V (o) u 



i 1)2 r mc (i AQ) \ (a r \ -L md UA L ^/i/(o) \ti 

+ 7T2 - \ V CKM)ci{^G±)it + — — l^GiJcil^CKMJd » 



+ m c m t )(^ M ) ci (^ M )J t {[Sf ++) (l, 1)] + [Ef_ +) (1, 1)]} 
+ E ^yclMUM5Zt%{V^J 3t + m Uj {V^ M %{5Z%\ 

3 

"T / A 2 v ^ClOtfVcj^^zJji 2 l 0Z; R/cj I ^CKM/M I v CKM/it 



era)- = -(v&)ci(v&)i&(^)« + SK^a 

-T^Km 4 + m c m d J(^ M ) ci (^ M )J t {[Ef ++) (l, 1)] + [Ef_ +) (1, 1)]} 

KK 

3 = 1 

3 2 
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+ E Z^[(^CXM)«(^CXM)ij(^R)!t + (^ Z R)cj( V CKM)A V CKM)u] 

III 



3=1 



W 



where 6Z1, 5Zr, dZf^, 5Zr are presented in the equation (154) and (160) of Ref. [371] too 



3. Fig. ( c )with SM propagators 

Similarly, the contributions from Fig.(c) with the zero mode of neutral gauge bosons 
Z, Zn a and charge 2/3 quarks are 



7(e) ie Q f , fl( 2 /3)st / c L(2/3)x r 



+ K H P /3, ) t (K?2 /3, ) . (mtCi2 _ K f/»>)t .(^W3)). imc(Cl - Cll + C 12 ) / 

<' = aw^ (2(d C2/3) )l,,(fa B(2/3> ),^c, 



with dj = Cijip 2 , (2p - p') 2 , (p - p') 2 , m 2 , m%, mj) 



with dj = Cijip 2 , (2p - p') 2 , (p - p') 2 , m 2 , m%, m 2 ) 

and there is no contribution to the processes with zero mode of 7. 

The relevant coefficients are approximate to the order 0(v 2 /A 2 KK ) as 



(49) 



p ff (c) _ g s T a / , j?(2/ 3 )st / C L(2/3K m r 

+(e? 2/3) ); )i (e? (2/3) ),, t m t c 12 - (^ (a/8) )j li (d (2/8, )M'»c(c 1 - cn + c 12) ; 

Ftr ~ 32n 2 m t s 2 w c 2 w ^ z l ' Mz ]i ^ X 

+(e?2 /3) ) t ^,(2/3)). tmtCi2 _ (ef^)t (e W0 WCl - Cll + C 12 ) N 



(50) 
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6s w c v 



ZI ^KK KK 

(*? 2/3) )Ue? 2/3) )M = {(-l?) 2 [*«((^i + (^)«) + ((^)L + (^«)«s« 



3 c w 

/.A(2/3)n , ^ / A fl(2/3Kt - - ^ 



l OA2 V 2 1 o*2 V Z /ci"«J 1 ^Va4 / 

KK KK KK 



I4z J c ,iUz - ~o~l fio ~ >[ d ci{dz 1L ) it + d ci {dZ L ) it + d ci —^ — {IX z ) it 

2 „,4 



-O^fc + (^fe + ^(a? 2/3) )L^] + o( r 



ZIV KK 1V KK 



(51) 



^. Fig.(dl) and (d2) with SM propagators 

In Fig.(dl)(d2), the relevant coefficients (€g 2 ff)\ ti (€g 2 ff)i,t ar e at order 0(-^—). So we 
ignore them. 



5. Fig. (e) with SM propagators 



Finally, the zero mode of neutral Higgs/Goldstone H , Go and charge 2/3 quarks contri- 
bution in Fig.(e) reads 



+(C/S)l(C/S),*(Ci2 - C n )m c - (C/ G %(C/^M(Ci + C 12 )m t ) 
+(C/ G 3 o)^(C/S)M(Ci2 - C n )m c - (^/S)1*(^SS)m(Ci + C 12 )m t ) 
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with dj = dj(p 2 , (2p - p') 2 , (p - p') 2 , ml m 2 Ho/Go ,m 2 ) 



^ , = ^((«)U«).,(C. + C 1 )m, 

+(«)U«MC - C„)m c - («)U«MC + C 12 )m«) 

F g(e) _ igsT a f / fl(2/3)\f /_H(2/3)x ,p p x 

Ti? ~ i67r 2 mA Ho/Go ' Ho/Go 

+(^SS)1*^2/S)m(Ci2 - cnK - (C/S)l(C/5>^ c i + c ^k) 

(53) 

with dj = dj(p 2 , (2p - p') 2 , (p - p') 2 , m 2 , m 2 Ho/Go ,m 2 ) 

The relevant coefficients can be expanded according 0(v 2 /A 2 KK ) as 
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(tjWM (r, L W 3 h - r rJ L(2/3 h t ^ L{2/3) ^ - g2 i m * a m * + mi s mi (sz u \ 

[Vho JcAVho kt-Wcto )c,iXnG kt - —°ci— R ) it + ——°ci— —{o^ L ) lt 

zs^ mw mw mw m-w 

AAj <K mw m w m w n ° 

+ (O^ijjci it + (oZJci bit 

m t m c (i) 2 /3, t , rm ^(2)2/3^ 11 , n( ^ n 

^ A KK m W m W A KK 

I L(2/3)\f / A(2/3)\ _ / L(2/3)\t / #(2/3)\ _ / £( 2 /3)\f / L(2/3)\f 
KVHo )c,iVlHo )i,t - \Vg Jc,»Wg Ji,* - WHo Jc,iWff )i,t 



2s4 m w m w m w mw 

I ^ m » x r_^^/ a (l)2/3\f _i_ A ( 2 )2/3\ f -I 

4A^^ mw ^w m w 

— Otf + ——\ 5Z L)ci-—0it 



mw mw "^w m w 

47^^^ m w m w m w a kk 

( fl(2/3)\f / ^(2/3)\ _ / -R(2/3)Nf / i(2/3)\ _ / L(2/3)\ / L(2/3)\ 
Wtfo Jc,iWfl W ~~ ^G )c,i\^G )i,t ~ vlH JcAVho )i,t 

- e2 {^^l)l, + ^s a ^(szt) u 



m w m w "^w ra w 

4Ag- K mw m W 

m w m w m w ra w 

4A|^m w m w m w 

(C /3) )KC /3) )m = (%f /3) )l(%f /3) )m = (vT^(v% /3 % 

{ °ci {oZ R ) it H d ci [pZ L ) it 



2s^ m w m w ?^w ra w 

^ 2 THi m, rA (l)2/3x t , "It / A (2)2/3x t i 

,2 ^ V H )it~T ^ y^Ho )it\ 



^k l KK m^ m w * m w 
mw "^w "^w "^w 

4:A KK m- w m w m w 



(54) 
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B. The second case 



When the propagator is the KK mode, since the mass of the KK mode is large then the 
top quark, we expand the amplitudes to the order m^/A 2 KK for simplicity. 
In a conventional form, the effective Hamilton is written as: 

H e ff = J2 C i^)°i (55) 

i 

with the magnetic and chromomagnetic dipole moment operators are defined through 
42 1 



o 7l = 


1 

--mtCaCT^PRtaF^, 


o 7j = 


— -m r rr^Prt F 


Os 9 = 


- l -m t c a a^P R tpGl u) 


o 8g = 


- l -m c c a a^P L tpG%, 



where and G a are the electromagnetic and strong field strength tensors respectively. 
And in the momentum representation the operators have the same form as in equation (34). 

1. Fig.(al)and (a2) with KK mode propagators 

In Fig. (al)and (a2), when one loop diagrams are composed by the KK mode of charged 
gauge bosons and the KK mode of charged —1/3 quarks, the corrections to the coefficients 
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at the EW scale yU EW are formulated as 



a 



(a) 
7 7 



ie 



167T 2 /i 



EW W f} = \ 

m 

t— 
m t 

oo 



L(-l/3) 
W± 



> X w ± ) 

/3,i P 



c,/3 



>fl(-l/3) 



^2,7 ( X B fl 5 ^Vi ) 



3,i 



\ -Ha / c g \ -Ha / S t 



r L(-l/3) 



c,8 



fl(-l/3) 



(a) 
8G 



ie 2 g s T a 
16n 2 fi 



P,t -Hq 



EW W f} = \ 

m 

f 

oo 



oo , 

£{(^ 1/3 >) (^ 1/3) ) 

^_/>L(-l/3)\t /Vfl(-l/3)\ ^(a). 



OO , 

, x H a ' c,B v H a / at ^ H a ■> 



a=l 

m 



a 



(a) 
7 7 



a 



77 ^VK± 



i(-l/3) ,_. tfl(-l/3) t^(-l/3) t«(-V3) 



PJ(a) _ r (a) (M-l/2,) >fl(-l/3) ^(-1/3) £fl(-l/3)\ 

\ H a Ha. ' 



(57) 



with Xi = mf/fi^, and f3 = l,2...oo is the index of all the KK exciting modes and all the 
three quark generations in each KK exciting modes. And the form factors are explicitly 
given by 



F (a) 
1,7 




r 1 <9 3 £ 3 1 <9 2 £ 21 
L 18 <9y 3 4 dy 2 


6 9y J (x ' y) ' 


^2,7 


= 


I 2d 2 g 21 | 10% 
3 dy 2 3 <9p 




77. («) 


i x ,y) = 


r 1 d 3 g 31 1 

L 12 dy 3 2 9|/ J 




77(a) 


i x ,y) = 


r d2 p2,i %,ii ( 

<9?/ 2 9y J 


x,y) . 



Here, the function g (x, y) is defined through 

x m ln ra x - y m ln n y 



Q m , n ( x >y) = 



x-y 



(58) 



(59) 
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When Fig.(al)and (a2), are composed by the charged 5/3 quarks, the corrections to the 
coefficients at the EW scale /i EW are formulated as 

. Q OO , 

r W|- % 1 V ( ^(5/3) V ( r L(5/3)\ -(«)§/ x 

^ EW W /3=1 c,p P' 1 

, "S (M5/3) V />fl(5/3)\ c»t/ T _ N 

OO , 

+E(^r) s (^ /3) )„/s l K.^) 

\ Ha / c ,3 x M a ' B.t H a 

a=l 

I'H , V H c ' c,B x H ct ' R,t H a J 

a=l 

(a)|_ ?e^T v r/ L(5/3) y / L(5/3 )\ (a)| 

, "S ^(5/3) y />fl(5/3)\ pW| f x 

OO , 

<>H i V H « 7 c,/3 V H a ' R,t H a J 

S?(a)§ _ (a) | / .L(5/3) tfl(5/3) >L(5/3) >fl(5/3)\ 

_ Af>)\(f:L{b/Z) tfl(5/3) tI-(5/3) tfl(5/3)\ / fin x 

And the form factors are 



,9 

(a)\ 
2,3 



3 dy 2 ^ 3 dy 
12 <% 3 2 <9y 



r 5 d 3 g 31 _ l d 2 g 21 _ 4 d Ql l 
36 <9y 3 4 dy 2 3 9y 
5<9 2 £ 21 16 dp -j 

-J \x,y) , 



(61) 



dy 2 dy 

Using £ L,i? in appendix, we could see that in Fig.(al)(a2), the relevant coefficients cff 
and are at order O(jr-), so we ignore them. 
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2. Fig.(bl)and (b2) with KK mode propagators 

Similarly, we can write down the corrections to Wilson coefficients at the EW scale /i EW 
from Fig.(bl),(b2), which are composed by the KK mode of charged Goldstone and the KK 
mode of charged —1/3 quarks 



a 



(b) 
77 



8ttV 



a 



(b) 
8G 



E{(%i- 1/3, )' S (^- /3, ) S /SK.^) 
" J ' T * E{(^- 1/3) )* (-fci- 1/3) ) 

( ' c,/3 v ' P,t 

i/3) y 



8ttV 

"ew g = i 



Dp / L(- 



^G± 

c,/3 V ' fi,t 



-1/3)) _ 



r yu, _ r (b) I L(-l/3) ™- 
°8G — °8G ^'/G± ^ "g± 

and those form factors are given by 



F (b) 

1,7 


(x,y) = 


r i -9 s e 3 ,i 

.36 dy 3 




(x,y) = 


r i <9 2 £ 2 , 

6 cfy 2 


F (6) 
1,9 


(x,y) = 


r i «9 3 f? 3ll 
1 24 <%/ 3 


P (P) 
h 2,g 


(x,y) = 


r i^ 2 ^, 

L 4 dy 2 



+ 



+ 7C- 



+ 



+ 



x,y) , 
(x,y) , 
x,y) , 



(62) 



(63) 



And the coefficients in Fig.(bl),(b2) composed by the KK mode of charged 5/3 quarks 



are 
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8ttV 2 



oo , 

E{(^ 5/3) ) (%? /3) ) f&( Vw >) 

m H, / L(5/3)\t ( *(5/3)\ F (6)|/ 



EW fl = l 



°8G 



ig s T a 



8vr 2 /i 



oo , 

E{(^ 5/3) ) (^ /3 >) ^ {Vw±) 



EW /3=1 

m 



m t 



„, p ,y ^<V3,) F ( : >f (x 

7 c,j9 V X |9,t 



a 



_ ^(&)|/ i(5/3) fi(5/3)\ 
7 7 - W 7 ^G± ^ V G ± J ' 

_ r (b)|/ L(5 /3) «(5/3)\ 
°8G - °8G ^G± ^ %± j > 

and those form factors are given by 



(64) 



5 d 3 g 31 13d 2 g 21 2% a 



.72 a?/ 3 24 dy 2 3 <9y 
5 «9 2 ^ 21 5 9^1,1 4 9^1,1 



.9 



12 dy 2 6 3 
f 1 d 3 g 31 ld 2 g 21 ldg 1A 
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4 dy 2 2 dy 2 dx 

The corrections to relevant Wilson coefficients with the KK exciting modes of virtual 
charged —1/3 quarks, are analogously formulated to the order 0(v 2 /A 2 KK ) as 
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and for charge 5/3 quarks 
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3. Fig. (c) with KK mode propagators 

For the Feynman diagrams drawn in Fig.(c), intermediate virtual particles involve the 
KK mode of neutral gauge bosons Z, Z Hot , 7( n ), and the KK mode of charged 2/3 quarks, 
the corresponding corrections to Wilson coefficients at electroweak scale are expressed as 
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The corrections to relevant Wilson coefficients from Fig.(c) are analogously formulated 
to the order 0(v 2 /A 2 KK ) as 
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4- Fig.(dl) and (d2) with KK mode propagators 



Correspondingly, the contributions to Wilson coefficients at electroweak scale from Fig. (d) 

with the KK mode of gluon, and the KK mode of charged 2/3 quarks are 

2 00 00 , 
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where the form factors are defined as 



5 d 3 g sl 3d 2 g 21 1 dg ri 

12 dy 



36 dy 3 8 dy 2 
5d 2 g 21 ldg 1A 



x,y) . 



(71) 



.3 dy 2 3 dy 

Using the coefficients in the appendix , the Wilson coefficients could be approximated by 



a 



(d) 

7 7 



a 



(d) 

8G 



°7 7 



32iegl 



9irA 2 KK (krey 



i,j,k=l 



x 



16ieg 3 T a 



3nK 2 KK {kre) 



£ dt £ dt> pf ++) (t, o] [if; j } (o, t)] 2 [f^ (o, t')] 2 } + o( 

1 ~rn v i JcA^L Jifc^fl Jfcjl^i? Jit 



A 4 ' 

1V KK 



i,j,k=l 



X 



2 [^?)(o,0] 2 



o(xi-), 



x 



Z 1 * /^'[£? ++) (m0][/^^^ 

Je Je J ^KK 



16ieg 3 T a 



E 



3;v.\7 xA .(/,t ( )- ^ //;, 



■ fc (4 0) )Ji(4 0) )*(^r)i,-(^r)i« 



(0)\t /rr(°)N 



■ i /.l 



^P^^Ol^^Ol'^Co.Ol 2 f + 0(^-)(72) 



,x l2r/ L,4 



5. Fig. fej wit/i if/f mode propagators 



As intermediate virtual particles in Fig.(e) are the KK mode of neutral Higgs/Goldstone, 
and the KK mode of charged 2/3 quarks, the corresponding corrections to relevant Wilson 
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coefficients can be written as 
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Using the coefficients in the appendix,we can approximate C 7l and C 8g as 
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IV. NUMERICAL ANALYSIS 



In general case, the partial widths of these processes are 
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r(t -> c,) = ^(m 2 |F| L | 2 + m 2 ^ 2 ) (75) 

with Cp = 4/3 is a colour factor. Applying Eq(34),(53),(54), we could get that the partial 
widths both composed by the SM particles and their KK exciting modes has the form, 
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(76) 



We compute the branching ratio by taking the SM charged- current two-body decay t —> 



bW to be the dominant t-quark decay mode, which is T(t — >■ 6iy + ) = 1.466|V^| 2 for 
172GeV, mw = 80.399GeV. We will then approximate the branching ratio by 

r(t -> C7) 



£?r(t -> 07) 



T(t -»■ 

r(t -> q?) 



(77) 



r(t -> 

The input parameters which we are going to use in the numerical computations are : 
m w = 80.399GeV, m z = 90.19GeV, m c = 1.27GeV, m t = 172GeV. We choose the Yukawa 
couplings Y$ = 0.01 (i ^ j, i,j = 1,2,3), Y& = Y& = Yf 2 = 0.01. And the Wolfenstein 
parameters of the CKM matrix are A = 0.22, A = 0.81, p = 0.13, rj = 0.34. 

Assuming anarchic Yukawa couplings, i.e., complex- valued matrices Y u , Y d with random 
elements, we can reproduce the up- and down-type quark mass hierarchies with the ansatz 
for hierarchical structures of the profiles of zero modes on IR brane 26] : 
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(78) 

Since when c > c', we have /^'(O, 1) < //^(O, 1), and when c > c', we have /.^.(0, 1) < 
1)> so the bulk masses c#, c^, must satisfy the relation: 
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C S < 4 < 4 • 



(79) 



In order to reduce the number of free parameters in our analysis, we assume 




-0.5 + 4, 4 = -l + 4. 




-0.35; 



4 



(80) 



Actually, the assumption on the bulk masses guarantees the profiles of zero modes on IR 
brane satisfying the hierarchical structures (78). In Fig. [2j we plot Br(t — > cy) varying with 
the bulk mass 4 under above assumption on the parameter space with the mass scale of 
low- lying KK states A KK = lTeV(solid line), A KK = 2TeV(dash line), A KK = 3TeV(dash- 
dot line). As 4 < 0-5, the contributions from new physics to Br(t — > 07) decrease steeply, 
for low-lying KK states A KK = l,2,3TeV respectively. Since the left-handed SM top and 
charm quarks are contained in bidoublet, so the profiles of t and c quarks on IR brane are 
determined by the bulk mass of c l B . As 4 > 1-0, the new physics corrections to Br(t — > cy) 
depend on 4 mildly, and line for A^k — lj 2, 3TeV are coincide with each other almost. 
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FIG. 2: The branching ratio of t — > cry varying with the bulk mass c B . Here we assuming that 
C T = c s = — 0.75, c\ = c| = —0.55, c\ = c| = —0.35, and c B = —0.5 + c B , c B = — 1 + c l B . 
The solid line corresponds to the numerical result with Akk = ITeV, dash line corresponds to the 
numerical result with Akk = 2TeV, and dash-dot line corresponds to the numerical result with 
Akk = 3TeV, respectively 

To investigate the dependence of Br(t — > cj) on bulk mass of triplet quark c^, we choose 



4 = -0.75, c| = -0-55, c| = -0.35; 
4 = 0.55, 4 = 0.25, 4 = -0-05; 

4 = o.5 + 4, 4 = 1 + c r> ( 81 ) 

The bulk masses satisfying Eq.(81) can guarantee the profiles of zero modes on IR brane 
satisfy the hierarchical structures(78). Under this choice on parameter space, we draw 
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Br(t — > cy) varying with the bulk mass 4 in Figj3] Because the profiles of t and c quarks 
on IR brane do not depend on c\ y the dependence of Br(t — > cy) on c\ is very mildly, for 
A-kk = 1,2, 3TeV respectively. 
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FIG. 3: The branching ratio of t — > cy varying with the bulk mass c\. Here we assuming that 
c\ = -0.75, c| = -0.55, c| = -0.35, c l B = 0.55, c\ = 0.25, c| = -0.05, and c\ = 0.5 + 4, 4 = 
\ + c\. The solid line corresponds to the numerical result with Akk = ITeV, dash line corresponds 
to the numerical result with Akk = 2TeV, and dash-dot line corresponds to the numerical result 
with Akk = 3TeV, respectively 

Adopting 



C L = -0.75, 4 = -°- 55 , 4 = -°- 35 > 
4 = 0.55, 4 = 0.25, 4 = -0-05, 

4 = o.5 + 4, 4 = 1 + 4, (82) 
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to guarantee the profiles of zero modes on IR brane satisfy the hierarchical structures 
(78). We show the Br(t — > cy) varying with c\ in Fig. H] for Akk = lTeV(solid line), 
A KK = 2TeV(dash line), A KK = 3TeV(dash-dot line), respectively. With the assumption on 
parameter space, the bulk mass c\ affect the new physics corrections on Br(t — > cy) strongly, 
since the profiles of right-handed top and charm quarks on IR brane are determined by the 
bulk mass of singlet c l s . 
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FIG. 4: The branching ratio of t — > cy varying with the bulk mass Cg. Here we assuming that 

c\ = -0.75, 4 = -°- 55 > 4 = -°- 35 > C B = °- 55 > 4 = °- 25 > C B = -0.05, and c% = 0.5 + 4, 4 = 
l + Cg. The solid line corresponds to the numerical result with Akk = ITeV, dash line corresponds 
to the numerical result with Akk = 2TeV, and dash-dot line corresponds to the numerical result 
with Akk = 3TeV, respectively 

In order to appreciate the size of the 3TeV curve, we redraw Figf2]and Fig. H]in logarith- 
mic coordinate in Figj5j 
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(a) (b) 
FIG. 5: (a) Redraw FigJ2]m logarithmic coordinate, (b)Redraw Fig|3]m logarithmic coordinate. 

In FigJS^a), when c l B > 1, the three curves become very close, but not coincide with each 
other, and both in Fig. EJ^a) and (b), the branching ratio decreases as A^k runs from ITeV 
to 3TeV. 

Similarly assuming 

Crp — c g — . 75 j Crp — c g — . 5 5 . Crp — eg — . 35 j 

4 = _o.5 + 4, 4 = -i + 4, (83) 

to guarantee that the profiles of zero modes on IR brane satisfy the hierarchical structures 
(78), we plot Br(t — > eg) varying with the bulk mass c l B in Figj6] under above assumption 
on the parameter space as the mass scale A KK = lTeV(solid line), A KK = 2TeV(dash line), 
Axk — 3TeV(dash-dot line). The contributions from new physics to the branching ratio of 
t — > eg decrease, but slower than which in Fig. [2j 
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FIG. 6: The branching ratio of t — > eg varying with the bulk mass c B . Here we assuming that 
c\ = c\ = —0.75, c\ = c| = —0.55, 4 = c| = —0.35, and c\ = —0.5 + c B , c 3 B = — 1 + c B . 
The solid line corresponds to the numerical result with Ark = lTeV, dash line corresponds to the 
numerical result with Akk = 2TeV, and dash-dot line corresponds to the numerical result with 
Akk = 3TeV, respectively 



Taking 

c\ = -0.75, c| = -0-55, c| = -0-35; 
4 = 0.55, 4 = 0.25, c| = -0.05; 

4 = o.5 + 4> 4 = 1 + c t> ( 84 ) 

to guarantee that the profiles of zero modes on IR brane satisfy the hierarchical structures 
(78). We present Br(t — > eg) varying with the bulk mass 4 111 Figd f° r ^kk = lTeV(solid 
line), A KK = 2TeV(dash line), A KK = 3TeV(dash-dot line), respectively. Similarly as in 



42 



Figj3j the dependence of the t — >• eg process on the bulk mass 4 is very mild also, since the 
profiles of t and c quarks on IR brane do not depend on 4> 
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FIG. 7: The branching ratio of t — > eg varying with the bulk mass c\. Here we assuming that 
c\ = -0.75, c| = -0.55, c| = -0.35,4 = °- 55 > 4 = °- 25 > 4 = and c\ = 0.5 + 4, 4 = 

I + c^. The solid line corresponds to the numerical result with Akk = ITeV, dash line corresponds 
to the numerical result with Akk = 2TeV, and dash-dot line corresponds to the numerical result 
with Akk = 3TeV, respectively 

Taking 

c\ = -0.75, 4 = -0.55, 4 = -0-35, 
4 = 0.55, 4 = 0-25, 4 = -0.05, 

4 = 0.5 + 4, 4 = 1 + 4, (85) 

to guarantee that the profiles of zero modes on IR brane satisfy the hierarchical structures 
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(78), and we present Br(£ — > eg) varying with the bulk mass c\ in FigJHJ. We could see that 
the contributions from new physics to the t — )■ eg increase quickly when > 0.5, because 
of the reason mentioned above, which is similar to that for FigJH 
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FIG. 8: The branching ratio of t — )• eg varying with the bulk mass Cg. Here we assuming that 

c\ = -0.75, 4 = -°- 55 > 4 = -°- 35 > C B = °- 55 > 4 = °- 25 ' 4 = -°- 05 > and 4 = °- 5 + c h 4 = 
1 + Cg. The solid line corresponds to the numerical result with Akk = ITeV, dash line corresponds 
to the numerical result with Akk = 2TeV, and dash-dot line corresponds to the numerical result 
with Akk = 3TeV, respectively 

In order to appreciate the size of the 3TeV curve, we redraw FigJHland Fig. [H] in logarith- 
mic coordinate in Fig. |HJ 
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(a) (b) 
FIG. 9: (a) Redraw FigJ2]m logarithmic coordinate, (b)Redraw Fig|3]m logarithmic coordinate. 



Being similar to the case of t — > cy, the branching ratio decreases as Ark runs from ITeV 
to 3TeV. 

As we could see above, the branching ratio of t — > cy and t — )■ eg varying with the bulk 
mass c l B in Fig. [2] and Fig. [6] are all decrease, since the dominating corrections to the 
branching ratio of t — > ey and t — >■ eg depend on the bulk masses c l B {i = 1, 2, 3) in terms of 
[/(++ s ) (0,t)][/ { ++ s ) (0,t)], with / ( ++)(0,t) have the form(Eq. 36 and Eq. 109 of Ref.jjT 




2(l-2c)elne 



l-2c\ 



Trfl - e 



In the t = 1 case, the relation between bulk mass c and [//^U(0, 1)] (0, 1)] are drawn 
in Fig. fTDT a). we could see that the curve is similarly as in Fig. [2] and Fig. |6j 
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FIG. 10: (a)[/^ c +) (0, 1)] [ff; c +) (0, 1)] varying with the bulk mass c, (b)[/J^(0, 1)][/J^(0, 1)] vary- 
ing with the bulk mass c 



Similarly, the curves in Fig. H] and Fig. [S] increase quickly when > 0.5, since the 
dominating corrections to the branching ratio of t — > cy and t — >■ eg depend on the bulk 



masses c l s {i = 1,2,3) in terms of [//^(0, t)][/^3(0, t)], with //^(0, t) have the form: 



C R,4 



cL,-c, 



f R,c rn . _ f L,- C((] f) _ t c -2(l + 2c)6ln6 

/ (++) (o,t) - / (++) (o,t) - -w ij ^_ el+2c) ■ 



(87) 



In the t = 1 case, the relation between bulk mass c and [//^(0, l)][/^^(0, 1)] are drawn 
in Fig. fTDT b). the curve increase quickly when c l s > 0.5, which is similarly as in Fig. [Hand 
Fig. E 

V. CONCLUSION 



and 



In the SM, the rare FCNC top decay t — > cy and t — > eg are suppressed strongly 



Br(t ->■ C7) ps 4.6 x 10 
Br(t ->• eg) ps 4.6 x 10" 



-ii 



-12 



(88) 
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which cannot be detected in near future experiment. Considering the constraints from 
the precise electroweak observations, we investigate the radiative corrections to t — > ay 
and t — >■ eg in warped extra dimensions with the custodial symmetry SU(3) C x SU{2)i J x 
SU(2)r x U(l)x x Plr- Since the fifth dimensional profiles depend on the bulk masses 
d B , c T , c l s (i = 1,2,3) strongly, we mainly analyze those bulk masses how affecting the 
corrections to Br(t — > ay) and Br(i — > eg) from new physics. Numerical results indicate that 



Br(t C7) ~ 10" 6 , 

Br(t -> eg) ~ 10" 5 , (89) 

under our assumption on parameter space. With an integrated luminosity of 100 fb" 1 , the 
estimated precision of LHC to the Br of t — > ay is 1.2 x 10 -5 44] and that of the Br to t — > eg 
is about 2.7 x 10~ 5 [45], respectively. In addition, the TESLA precision to the Br of t — > ay 
can reach 3.6 x 10 -6 [46j with a center of mass energy of 800GeV and an integrate luminosity 
of 500 fb -1 . We can expert to detect those FCNC processes in near future hopefully. 
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VI. THE COUPLINGS BETWEEN BOSONS AND QUARKS AT THE ORDER 

The relevant nontrivial couplings in Fig.(al),(a2) with charged —1/3 quarks could be 
approached to the order 0{v 2 / K 2 KK ) as: 

/.L(-i/3h _ / T/ (o) a , /T/(o)t s 7 u\ , / T/ (o) A7 rfxt 1)2 / Al \ 
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87ie 2 3 
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(a^)« = E (^ 0) )L/5?)(°' ^^pfelV 1 ' ^/^(o. w^)* • ( 91 ) 

i,j,k=l 

Similarly, the nontrivial couplings involving in Fig.(al),(a2) with charged 5/3 quarks are 
approximated by 
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H < 2 ") Kre i=i„'=i ^ 
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The nontrivial couplings involving in Fig.(bl),(b2) with charged —1/3 quarks are approxi- 
mated by 
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with 
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The nontrivial couplings involving in Fig.(bl),(b2) with charged 5/3 quarks are approxi- 
mated by 

3 oo 
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As the FCNC transitions are mediated by the massive neutral gauge bosons Z, Z Ha , 7( r . 
in Fig.(c), relevant couplings are expanded according v 2 / A 2 KK as 
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i=i 

3 



i=l n '=l 



></ ( T + ')(!'(S)'.*)}(^r)i,« + o( x ^), 
(«f ')«,< = |^ E E «««« /' *xf ++) (< + , ? ) , *){/^,(o, t) 



i=l n '=l 



x/5J ) (^ ) ' ) ,t)}(^ ) k fe + 0(£-). (96) 
Here the short-cut notations A§, Af are defined by 



(a? /3 ) c .= E (^ 0) )LyS-f ) (o,i)«(T^[Ey)( 1 ' 1 )]) 1 w 
+^( i ^pf4( 1 ' l )\) Y S) >< / ( L ;?)(o. i)(^ 0) )i* 

4vre 2 v^, rr (o)x t 



£(tff)L(/Wf ++) (M)] 



+|^|pfi +) (t, i)]}[/ ( L ;f)(o,t)] 2 )(c/f )« , 
(Af /3 ) ct = ^ £ (^)L/J?)(o,i)^{[^|(i,i)] 

w »,j,fc=l 

-P^(i,i)]}ii5/5^(o,i)(4 0) )i* 

47re 2 



E (^ 0) )«( / ^{pf ++) (t, i)] + Sw pf_ +) (t, i)]} 

x[/5J)(0,*)] 2 )(4 0) )« (97) 

In Fig.(dl) and (d2), the KK exciting modes of gluon also mediate the FCNC transitions 
and the relevant couplings are approximated by 
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i=l n'=l Je 

x/ ( L ;J ) (y ( ^\t)}(^f)M + o(-^), 

v ; v 1 J-^KK 
i=l n '=l ,/e 

xy^^.OK^ + oc^). 08) 

Finally, In Fig.(e), the relevant FCNC couplings mediated by neutral Higgs and Goldstone 

are 
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where the abbreviations are given by 
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